The sulfur response regulator, SurR, is among a handful of known redox-active transcriptional regulators. First characterized from the hyperthermophile Pyrococcus furiosus, it is unique to the archaeal order Thermococcales. P. furiosus has two modes of electron disposal. Hydrogen gas is produced when the organism is grown in the absence of elemental sulfur (S 0 ) and H 2 S is produced when grown in its presence. Switching between these metabolic modes requires a rapid transcriptional response and this is orchestrated by SurR. We show here that deletion of SurR causes severely impaired growth in the absence of S 0 since genes essential for H 2 metabolism are no longer activated. Conversely, a strain containing a constitutively active SurR variant displays a growth phenotype in the presence of S 0 due to constitutive repression of S 0 -responsive genes. During a metabolic shift initiated by addition of S 0 to the growth medium, both strains demonstrate a deregulation of genes involved in the SurR regulon, including hydrogenase and related S 0 -responsive genes. These results demonstrate that SurR is a master regulator of electron flow within P. furiosus, likely affecting the pools of ferredoxin, NADPH and NADH, as well as influencing metabolic pathways and thiol/ disulfide redox balance.
Introduction
The archaeon Pyrococcus furiosus grows optimally at temperatures near 1008C, and its main fermentation products from peptides and carbohydrates are H 2 and/or H 2 S, acetate and CO 2 (Fiala and Stetter, 1986) . Growth is dependent on the energy-conserving membranebound hydrogenase (MBH) complex, the enzyme responsible for H 2 evolution (Schut et al., 2012; Schut et al., 2013) . There are two additional cytoplasmic hydrogenases, one of which is thought to regenerate NADPH via H 2 uptake (Schut et al., 2012) . When elemental sulfur (S 0 ) is added to maltose-grown cells, P. furiosus undergoes a rapid metabolic shift, shutting down H 2 production and initiating production of H 2 S within a period of 10 min. At the transcriptional level, this 'primary S 0 response' involves a dramatic decrease in expression of the three hydrogenase operons, with the marked increase in expression of a handful of socalled S 0 -response genes (Schut et al., 2007) . Among these are the membrane-bound oxidoreductase (MBX), which takes the place of MBH and is thought to be the major H 2 S-evolving complex, either directly or indirectly, together with NADPH sulfur reductase (NSR) (Bridger et al., 2011) . Similar results were also observed for T. kodakarensis via transcriptome mapping of cells grown in pyruvate medium before and after S 0 addition (Jager et al., 2014) . The sulfur response regulator SurR was discovered by DNA affinity capture from cell extract using the promoter of the MBH 14-gene operon as bait (Lipscomb et al., 2009) . Its binding motif (GTTnnnATT) was found to be present in the promoter regions of many of the genes involved in the primary S 0 response. Moreover, it was found to bind specifically to the promoters of several of these genes and shown to regulate their transcription in vitro (Lipscomb et al., 2009 ). Specifically, SurR was shown to activate expression of mbh1 and hydB1, the first genes in the MBH and SHI operons respectively. It was also shown to repress transcription of nsr. The gene encoding protein disulfide oxidoreductase (PDO) is divergently transcribed from the SurR gene, and regulation by SurR at this promoter region appears to be bifunctional as determined by in vitro transcription assays, with SurR simultaneously repressing pdo while activating its own gene. SurR is a winged helix-turn-helix DNA binding protein and contains a CxxC motif that functions as a redoxactive switch controlling its DNA binding affinity . When the CxxC motif located in the N-terminal DNA binding domain is in the reduced freethiol form, SurR is able to bind DNA in a sequencespecific manner; however, when the motif is oxidized to the disulfide form, SurR can no longer bind to its cognate DNA. Furthermore, S 0 was shown to be an effector in vitro to inactivate SurR via oxidation of the CxxC motif. Oxidation of the cysteine residues within the motif was shown to cause a conformational change in the DNA binding domain, as observed by comparison of crystal structures of the oxidized form versus a mutant form in which the cysteine residues were replaced with alanine residues . SurR is absolutely conserved among sequenced members of the Thermococcales and close homologs are not found in other species (Schut et al., 2013) . Deletion of the SurR gene in the related species Thermococcus kodakarensis (TksurR, TK1086) was shown to abolish growth in the absence of S 0 but growth in the presence of S 0 was unaffected (Santangelo et al., 2011) . Plasmid-based expression of TksurR from the glutamate dehydrogenase promoter was also shown to increase H 2 production, even in the presence of S 0 (Santangelo et al., 2011) . With the development of genetic methodologies for P. furiosus , we sought to characterize the in vivo function of SurR by studying SurR mutants in order to further elucidate the network of genes under its control. Herein, we demonstrate that SurR indeed orchestrates the in vivo transcriptional response to S 0 within minutes of its addition to a growing culture and that SurR is a global regulator of the primary electron flow pathways within the cell.
Results and discussion

Construction of SurR mutant strains
The surR gene is the first gene in an operon containing the genes encoding the ferredoxin-like protein Fd2 and a putative geranyl-geranyl reductase (Ggr). The gene encoding a glutaredoxin-like protein previously characterized as a PDO (Pedone et al., 2004) is divergently transcribed from surR. To better understand the in vivo activity of SurR, we constructed a marker-replaced deletion of the surR gene and also generated a mutant in which both redox active cysteine residues in its CxxC motif were replaced with alanine residues (C23A and C26A). The latter strain is termed 'AxxAsurR' and represents a strain in which the SurR protein is constitutively active, consistent with prior in vitro studies of this form of the protein . Strains were generated in the uracil auxotrophic strain COM1 containing a targeted deletion of the uracil biosynthetic pathway gene pyrF . To achieve a deletion of surR, a linear PCR construct was used to replace the surR gene with the P gdh pyrF marker, without disrupting the intergenic region between surR and the upstream pdo gene. This strain is referred to herein as DsurR. The AxxAsurR strain was generated using a plasmid based pop-in/pop-out approach resulting in a strain lacking pyrF. The absence of pyrF causes a slight growth deficiency even when uracil is supplied in the growth medium, so the pyrF gene was subsequently restored at its native locus in this strain. A COM1-based strain containing pyrF restored at its locus serves as a control. Diagrams of the strains are shown in Fig. 1 . Fig. 1 . Diagram showing modified genome regions of strains used in this study. SurR coding region is shown in green; pyrF marker is shown in blue; gdh promoter region within P gdh pyrF cassette is shown in yellow; genes surrounding surR are shown in white. A white asterisk denotes location of mutated SurR residues in AxxAsurR strain (C23A, C26A).
Effect of SurR mutations on growth and H 2 production
To determine the effect of either deletion or constitutive activation of SurR on growing cells, strains were cultured in minimal maltose medium (YM) either in the absence or presence of S 0 ( Fig. 2A) . During non-S 0 metabolism, SurR is thought to be responsible for activating the expression of several genes including the three hydrogenases. Key among these is MBH as this is the major energy-conserving respiratory complex in the Thermococcales during growth in the absence of S 0 .
It evolves H 2 using reduced ferredoxin generated during glycolysis and creates an ion gradient that drives the production of ATP (Sapra et al., 2000; Schut et al., 2012) . In the absence of S 0 , the DsurR strain displayed a moderate growth defect with a growth rate that was half that of the control and AxxAsurR cultures (as estimated by cell protein quantitation during log phase growth: 9.1 versus 18.7 and 18.6 mg protein ml 21 h 21 respectively). This effect can be attributed to the lack of SurR activation of MBH (see quantitative RT-PCR results below). While deletion of the two soluble hydrogenases (SHI and SHII) of P. furiosus does not affect growth or H 2 production, deletion of the catalytic subunit of MBH (MbhL) is lethal in the absence of S 0 , indicating that MBH is responsible for H 2 production Schut et al., 2012) . The AxxAsurR strain contains a constitutively active mutant form of SurR that mimics its reduced state and is not able to be oxidized. This strain displayed normal growth in the absence of S 0 , as compared to the control strain, since SurR can only bind DNA and regulate transcription in its reduced (or in this case, mutated) form .
For S 0 metabolism, there is a membrane-bound complex homologous to MBH, termed MBX, that is thought to be involved in energy conservation during growth with S 0 in a manner similar to MBH in the absence of S 0 (Bridger et al., 2011) . It is a key player in S 0 metabolism, participating either directly or indirectly in the . Inocula were normalized to 2 3 10 8 cells in 75 mL medium in 150 mL serum bottles. B. Total H 2 produced during growth on YM medium. C. Normalized H 2 produced at mid-log phase (6 h) during growth on YM (white) and YM 1 S 0 (grey) medium. Error bars represent SD, n 5 3 (biological replicates).
evolution of H 2 S. Deletion of the putative catalytic subunit of this complex (MbxL, by analogy with MBH) confers a growth defect, but it is not lethal in the presence of S 0 (Bridger et al., 2011) . This suggests that, in contrast to the role of MBH in disposing electrons as H 2 in the absence of S 0 , there are other mechanisms, albeit less efficient, to dispose of reductant as H 2 S in the absence of MBX (Bridger et al., 2011) . In its reduced state, SurR represses transcription of the MBX operon, but in the presence of S 0 , SurR presumably becomes oxidized, causing it to release from its cognate DNA and thereby relieving its transcriptional regulation (Lipscomb et al., 2009; Consistent with the reduced growth rate and lower final cell density of the DsurR strain, total H 2 production is also lower during growth in the absence of S 0 , while AxxAsurR produces H 2 at a similar concentration to that of the control strain (Fig. 2B) . Interestingly, specific H 2 production activity during late log phase growth for DsurR is similar to that of the control strain (Fig. 2C) , suggesting that the growth rate is dependent on the activity of MBH, which is proportional to the number of MBH protein complexes that are produced inside the cell. For S 0 -grown cells, H 2 is not produced; however, there is a small amount of H 2 generated in the presence of S 0 for AxxAsurR. This is most likely due to the constitutive expression of MBH by AxxASurR, although the presence of S 0 appears to be inhibitory to the in vivo H 2 -producing activity of MBH. The growth characteristics and H 2 production profiles of these strains are consistent with the in vitro characterization of SurR as well as in vivo expression profiles of wild-type P. furiosus grown in the absence and presence of S 0 (Schut et al., 2007; Lipscomb et al., 2009; .
Effect of SurR mutations on growth and sulfide production
Growth of P. furiosus was also analyzed when S 0 was added to a growing culture during mid-to late-log phase (Fig. 3A ). For AxxAsurR, growth was unaffected by S 0 addition in late log phase, and for DsurR, a stimulation in growth was visible approximately 3 h after S 0 was added, with cell protein being 34% higher (62 vs 47 mg mL 21 ) at 12 h of growth in the culture with added S 0 versus the culture without added S 0 . Sulfide production (corrected for abiotic generation) correlated with growth for all three strains, and no sulfide was produced in the absence of S 0 ( Fig. 3B and C). Specific sulfide production activity was highest for DsurR, with this strain producing approximately twofold more sulfide per mg protein beginning at 30 min after addition of S 0 . This perhaps is not surprising since this strain is expected to be 'primed' and ready to reduce S 0 as none of the S 0 response genes should be repressed by SurR. The AxxAsurR strain, however, produced sulfide (after S 0 addition) at levels comparable to the control. This is surprising as SurR should be constitutively active in the AxxAsurR strain and should repress expression of the MBX operon, according to previous in vitro results (Lipscomb et al., 2009) . However, sulfide production was also observed previously for the MBX mutant strain in which the putative catalytic subunit (MbxL) had been deleted, consistent with the conclusion that factors other than MBX may be involved in S 0 reduction to sulfide during growth (Bridger et al., 2011) .
Effect of SurR mutations on the transcriptional response to S 0
Addition of S 0 to growing P. furiosus cultures does not have an immediate effect on growth, but the picture is quite different at the transcriptional level, where expression of many genes changes within as little as 10 min after S 0 is added (Schut et al., 2007) . In order to obtain a global transcriptional response to S 0 for the SurR mutant strains, microarray analyses were performed on samples taken before and at 10 and 30 min after S 0 addition to the control, AxxAsurR and DsurR cultures growing in minimal maltose medium (made without sulfide). The data showed that the COM1-derived control strain had essentially the same gene expression differences previously published ) for wildtype P. furiosus (Supporting Information Tables S1 and  S2 ). The key features are the decrease in expression of the three hydrogenase operons for SHI, SHII and MBH (with expression of genes ranging from 4.8 to 12.8-fold) and an increase in expression of the MBX operon (3.3 to 9.8-fold), along with expression changes seen in several other genes thought to be regulated by SurR. In contrast, transcriptional analyses for DsurR (Supporting Information Tables S3 and S4 ) and AxxAsurR (Supporting Information Tables S5 and S6 ) before and after S 0 addition exhibited no significant change in expression for any genes proposed to be regulated by SurR, thereby validating in vivo the role of SurR in the cell and establishing many members of the SurR regulon.
Another noticeable trend in the transcriptional profiles in response to S 0 addition among the control and mutant SurR strains is the differential regulation of about 20 to 25 genes involved in purine biosynthesis (see Supporting Information Fig. S1 for purine biosynthetic pathway and gene organization) (Brown et al., 2011) . In the control strain, expression of these genes increases at 10 min after S 0 addition, and fluctuates down again at 30 min, while in DsurR their expression decreases at both 10 and 30 min. In AxxAsurR, these genes represent half of the genes that are regulated in this strain, and their expression increases at 10 min and remains high at 30 min. Only one of these genes contains a SurR recognition motif in its promoter region (the gene encoding GMP synthase subunit, PF1516). The rest of the genes share a common motif in their promoter regions, which is presumably the target of an unidentified transcriptional regulator (Supporting Information Fig. S1 ). Although the specific relationship of SurR to the purine biosynthetic pathway is not at all clear at present, the absence or constitutive activation of SurR clearly affects expression of these genes, as can be seen by quantitative RT-PCR for these genes in the three strains, before and after S 0 addition (Supporting Information Fig. S2 ). Three other genes that are clearly affected by SurR but whose promoters do not contain a recognizable SurR motif are the genes encoding glutamine synthetase (GlnS), aldehyde oxidoreductase (AOR) and sulfur induced protein A (SipA). These global transcriptional responses have been confirmed by RT-qPCR analyses (Supporting Information Fig. S3 ). The regulatory pattern of the GlnS and AOR genes with S 0 follows the same trend as the purine biosynthesis genes. GlnS converts L-glutamate to L-glutamine, which is an amino group donor in a key rate-limiting step of the purine biosynthetic pathway. AOR was characterized as an aldehyde oxidoreductase and has broad specificity (Mukund and Adams, 1990; Mukund and Adams, 1991) , but its in vivo role is not clear. It has been proposed to oxidize acetaldehyde derived from pyruvate or other aldehydes ) added during growth (solid lines and solid symbols) at 6 h (yellow vertical line). Inocula were normalized to 2 3 10 8 cells in 75 mL medium in 150 mL serum bottles. B. Total sulfide produced before and up to 180 min after S 0 addition. C. Normalized sulfide produced before and up to 180 min after S 0 addition. Abiotic sulfide production was taken into account for the sulfide data presented. Error bars represent SD, n 5 3 (biological replicates).
produced from 2-ketoacids during amino acid oxidation (Heider et al., 1995) . As pathways involved in biosynthesis of glutamate and branched-chain amino acids increase in expression as part of the secondary response to S 0 (Schut et al., 2007) , perhaps AOR is involved in detoxifying aldehydes produced in these pathways as well. SipA is thought to be involved in sulfide detoxification, since its expression increases with increasing sulfide concentrations, particularly in the presence of iron, presumably to prevent the intracellular formation of iron sulfide precipitates (Clarkson et al., 2010) . Differential regulation for SipA in the SurR mutant strains is therefore likely a result of differing intracellular concentrations of sulfide (e.g., see Fig. 3 ) due to the effect of SurR on expression of MBX and NSR, the two enzymes thought to be responsible for intracellular sulfide production in the presence of S 0 .
To quantitate the expression changes seen in the global transcriptional response, RT-QPCR was performed for selected genes (Fig. 4) . SurR has been shown in vitro to regulate transcription of its own gene and presumably the other two genes in its operon, fd2 and ggr (Lipscomb et al., 2009 ). There is not a significant expression change for genes in the SurR operon, including surR. This is not altogether surprising, as the expression of a regulatory transcription factor is often not highly regulated. Attempts were made to knock out the entire SurR operon but were not successful, possibly alluding to essential functions for Fd2, Ggr or both. These two genes within the SurR operon encode a ferredoxin-like protein (Fd2) and geranyl-geranyl reductase (GGR). GGR catalyzes the reduction of isoprenoid chain double bonds in the formation of saturated archaeal membrane lipids. It is likely that the Fd2 acts as an electron donor to GGR in light of a recent study showing that the GGR of the archaeon Methanosarcina acetivorans requires a ferredoxin encoded immediately downstream as its electron donor (Isobe et al., 2014) . Furthermore, Fd2 and GGR were detected as a complex by proteomic analysis of P. furiosus during biomass fractionation, suggesting a functional relationship (Menon et al., 2009) . The presence of SurR in this operon therefore suggests its connection with an essential pathway that provides reductant for archaeal membrane lipid biosynthesis.
Genes with significant increases in expression in P. furiosus during the primary S 0 response include those encoding PDO, NSR, MBX, putative transcriptional regulators (PF2051-2052), and an unknown putative membrane complex (PF0261-0262) (Schut et al., 2007) .
With the exception of the latter complex, the promoters of all of the other genes contain SurR binding motifs and have been shown to bind SurR in in vitro assays (Lipscomb et al., 2009) . Since S 0 utilization by P. furiosus is assumed to result in the generation of intracellular sulfide, presumably via NSR (Schut et al., 2007) , sulfide might affect expression of some SurR-controlled S 0 response genes as well as sipA which is not in the surR regulon (Clarkson et al., 2010) . Strain growth for the microarray and quantitative RT-PCR results shown here was performed in medium lacking added sulfide, but experiments are included in supplemental material to show the effect of the addition of sulfide on transcription of some genes, and this will now be considered. Quantitative RT-PCR results confirm the in vivo role of SurR in repressing nsr, mbx and PF2051, as a deregulation of these genes was observed in both DsurR and AxxAsurR strains (Fig. 4 and Supporting Information Fig. S4 ). While pdo was not significantly regulated in the microarray or qPCR data sets from cells grown in medium without sulfide (Fig. 4) , quantitative RT-PCR data for cells grown in medium containing sulfide exhibit an eightfold increase in pdo expression in the primary S 0 response (Supporting Information Fig. S4 ). In a related Pyrococcus species, a pdo ortholog was shown to be reduced by a thioredoxin reductase (TrxR) (Kashima and Ishikawa, 2003) . Interestingly, P. furiosus contains a TrxR ortholog (PF1422) that is divergently transcribed from the MBH operon. Similar to the sulfidedependent regulation observed for pdo, trxR expression increased 5.7-fold in the primary S 0 response when the control strain was cultured in medium containing added sulfide (Supporting Information Fig. S4 ). In contrast, the AxxAsurR and DsurR strains displayed no expression increase in either pdo or trxR, indicating that these genes are directly controlled by SurR in vivo, and this is in direct response to sulfide concentration. Previous in vitro results indicated the possibility of SurR regulating these genes since SurR binding sites are present in the short intergenic spaces of the divergently transcribed gene pairs pdo (PF0094) and surR (PF0095) as well as trxR (PF1422) and mbh1 (PF1423) (Lipscomb et al., 2009) . SurR is therefore involved in regulating key S 0 reduction enzymes NSR and MBX as well as enzymes potentially involved in disulfide chemistry within the cell, namely, TrxR and PDO. Two additional key players in electron flow pathways of P. furiosus are NADH-dependent reduced ferredoxin:-NADP oxidoreductases (Nfn) I and II. The role of these enzymes, which have been enigmatic players in P. furiosus metabolism, is gradually coming into focus. NfnI is composed of two subunits, large (L) and small (S), encoded by PF1327 and PF1328, respectively, and was originally characterized as a sulfide dehydrogenase having multiple in vitro activities including NADPHdependent reduction of S 0 and ferredoxin-dependent reduction of NADP (Ma and Adams, 1994; Ma and Adams, 2001) . It is now thought to be involved in energy conservation via electron bifurcation, generating NADPH from NADH and reduced ferredoxin, similar to its NfnI homolog from the thermophilic bacterium Thermotoga maritima which has recently been functionally and structurally characterized (Demmer et al., 2015) . Interestingly, P. furiosus NfnI is encoded divergently from the SHII operon, and the two share a short intergenic space that has been shown to contain a SurR binding motif (Lipscomb et al., 2009) . NfnI expression was not significantly regulated by S 0 in either the global transcriptional analysis or RT-qPCR with the control strain. In the DsurR strain, qPCR data showed that nfnI expression decreased 10-fold after 10 min of S 0 addition (Fig. 4) . In medium which contained added sulfide, however, nfnI expression in the control strain increased by eightfold after 10 min, while DsurR and AxxAsurR showed a threefold decrease in expression (Supporting Information Fig. S4 ). These data indicate that NfnI is indeed regulated at some level by SurR in the primary S 0 response and is sensitive to sulfide concentrations within the cell. There is also a possibility that NfnI is regulated by an additional unknown transcription factor, given its apparent repression by S 0 addition in the DsurR strain. NfnI L and S subunits have paralogs encoded by PF1910 and PF1911, respectively, composing a second enzyme referred to herein as NfnII. NfnII has not previously been identified as a SurR target; however, it contains a single SurR recognition motif (GTTnnnAAC) in its promoter region. An electromobility shift assay with
SurR controls electron flow pathways in thermococcales 875
purified SurR protein demonstrated that this is indeed a SurR target, and DNase footprinting confirmed the presence of a protected region in a SurR protein-bound NfnII promoter DNA fragment (Supporting Information  Fig. S5 ). The SurR footprint on the promoter region of the nfnA2 gene (encoding the NfnII small subunit) overlaps a putative BRE-TATA sequence, which would indicate that SurR represses transcription by blocking the binding of general transcription factors TFBII and TBP. In the control strain, expression of the nfnA2 gene (PF1911) increased by about fivefold with S 0 addition (Fig. 4) and over 10-fold with S 0 when sulfide is present in the medium (Supporting Information Fig. S4 ). However, in the DsurR and AxxAsurR strains, the regulation is muted, corroborating the footprinting data and confirming that SurR acts as a repressor for the NfnII operon. Interestingly, the gene encoding the major P. furiosus ferredoxin, PF1909, lies just 75 b downstream of the NfnII operon. However, the gene encoding Fd does not appear to be regulated by SurR as it lacks any SurR motif in its promoter region and shows very little transcriptional change among the strains and growth conditions tested (Fig. 4) . Although SurR does not directly control expression of Fd, its control over major enzymes that utilize Fd give it significant influence over the redox status of the intracellular Fd pool.
The PF2051 gene, encoding a transcription factor, also appears to be within the SurR regulon. The binding of SurR to its promoter has been demonstrated in vitro (Lipscomb et al., 2009) . PF2051 is in the ArsR family of transcriptional regulators and contains a C-terminal helix-turn-helix domain. The RT-qPCR data verified that its expression increased with S 0 by 10-fold in the control strain and that its expression is muted in both SurR mutant strains. Therefore, via regulation of another transcription factor, SurR plays an indirect role in regulation of another set of genes, the nature of which is not known. PF2051 and its downstream gene PF2052, annotated as a 'putative regulatory protein', are both conserved within members of the Thermococcales that have been sequenced to date. However, deletion of PF2051 did not result in any growth phenotype in the presence of S 0 (J. Huddleston and K. Stirrett, unpublished). Hence, although it is tempting to speculate that PF2051 is involved in the secondary response to S 0 , its regulatory role within the cell is still unclear. Genes involved in H 2 metabolism showed a dramatic decrease in expression within 10 min of S 0 addition in the control strain. These were primarily the three hydrogenases SHI, SHII and MBH, as well as a key hydrogenase maturation factor hypF (PF0559), which is involved in the final steps in synthesis of the NiFe centers of all three of these [NiFe]-hydrogenases (Tominaga et al., 2012) . In the SurR mutant strains, however, this regulation did not occur (Fig. 4 ). An additional gene that was down-regulated to the same degree as those encoding the hydrogenases was cbiM. This is the first gene in an operon of four genes (PF0531-PF0528) that encode a putative cobalt transporter. Transporters in this class are known to transport either cobalt or nickel (Rodionov et al., 2006) ; CbiM, therefore, is likely involved in nickel uptake for the three hydrogenases given the co-regulation of its gene. Based on their deregulation in the SurR mutants, other genes that appear to be in the SurR regulon are PF0913, PF0915, PF0926 and PF1621, all of which have unknown functions to date. Genes and operons in the SurR regulon having known or putative functions are summarized in Fig. 5 .
SurR as a global transcriptional regulator influencing electron pools in the cell
Cellular metabolism can be divided into three general categories: energy generation, biosynthesis and responses to environmental perturbations. Our results demonstrate that the in vivo role of SurR is intricately tied to the electron flow between major electron pools as well as energy metabolism of the cell, as summarized in Fig. 6 . Deletion or constitutive activation of SurR leads to a severe growth phenotype in non-S 0 or S 0 growth conditions respectively. The major players within the SurR regulon, MBH, SHI, SHII, MBX and NSR, are involved in energy conservation and electron flow in the two metabolic 'modes' of P. furiosus, in which either H 2 or H 2 S are used as electron sinks.
Aside from influencing the pools of the major electron carriers Fd, NADP(H) and NAD(H), SurR is also directly or indirectly involved in regulating major biosynthetic pathways in the cell. The first is the production of membrane lipids by the proteins encoded within the SurR operon, GGR and Fd2. SurR does not appear to play a direct role in amino acid biosynthesis since the key players glutamate synthase (GluS) and glutamate dehydrogenase (GDH) are not regulated by it. SurR does play a potential direct role in nucleotide metabolism, however, via the enzyme PDO, encoded divergently from surR. PDO was found to co-purify with ribonucleotide reductase (RNR, PF0440) in a proteomics analysis of biomass fractionation (Menon et al., 2009) . Although this cobalamin-dependent class II RNR has been purified from P. furiosus, its physiological electron donor has not been identified (Riera et al., 1997) . We propose that the pathway to deoxyribonucleotide formation involves TrxR, which is also regulated by SurR, and that it uses NADPH to reduce PDO, which then serves as the electron donor to RNR. SurR also appears to play an indirect role specifically in purine biosynthesis, presumably via some form of regulation of an as-yet-unknown transcriptional regulator (Supporting Information Figs S1 and S2).
A thioredoxin system has been previously characterized in the bacterial hyperthermophile Thermotoga maritima (Yang and Ma, 2010) , where a thioredoxin reductase (TR/TrxR) catalyzes the NAD(P)H-dependent reduction of thioredoxin (Trx). T. maritima Trx and TR/ TrxR are encoded by adjacent genes, and these have 42% and 47% identity to P. furiosus PDO and TrxR respectively. P. furiosus PDO has been proposed to be part of a system for maintenance of intracellular disulfide bonds (Ladenstein and Ren, 2006) . However, it is also likely involved in a thioredoxin-type system with TrxR to maintain redox balance within the cell and serve as an electron pool to supply reducing equivalents to other important pathways, such as RNR for nucleotide biosynthesis. We have previously attempted to delete pdo but were not able to purify the deletion from the wild-type allele (G. Lipscomb and W. Nixon, unpublished) , indicating that PDO may perform an essential function under the conditions tested. With SurR itself being regulated by an intramolecular disulfide bond, PDO and TrxR are also interesting possible redox effectors that could modulate SurR activity.
Environmental perturbations such as oxidative stress resulting from exposure to reactive oxygen species (ROS) can have a dramatic effect on cellular electron flow. P. furiosus contains two mechanisms for ROS detoxification. Superoxide reductase (SOR) removes O 2 2 and accepts electrons from rubredoxin (Rd) that is reduced via NAD(P)H-dependent flavoprotein NADPH rubredoxin oxidoreductase (NROR) (Jenney et al., 1999; Grunden et al., 2005) . The primary pathway for O 2 removal involves flavodiiron protein A (FdpA), whose electron donor has yet to be determined (Thorgersen et al., 2012) . SurR appears to play no direct role in the Rd pool, but it may play an indirect role in ROS SurR controls electron flow pathways in thermococcales 877 response through its influence over the NADPH pool via regulation of NfnI and NfnII. Furthermore, although oxidative stress proteins do not appear to be regulated with S 0 , the hydrogenase operons are down-regulated under oxidative stress (Williams et al., 2007; Strand et al., 2010) , indicating a SurR-mediated response under these conditions. Down-regulation of MBH would facilitate diversion of the reductant pool to deal with oxidative stress (Thorgersen et al., 2012) .
Conclusions
We have demonstrated that SurR is a global regulator of electron flow pathways within P. furiosus, and is a key player for the metabolic switch from H 2 to H 2 S metabolism. Its importance within the order Thermococcales is demonstrated by its strict conservation, and its uniqueness to this order is remarkable. Elucidation of secondary regulatory transcription factors under its control and of other regulatory mechanisms for its activation or deactivation (in the presence of ROS, for example), would bring greater understanding of this complex yet elegant metabolic switch that enables P. furiosus to rapidly adapt to environmental changes in hydrothermal vent environments.
Experimental procedures
Cloning and preparation of constructs for P. furiosus transformation
For deletion of surR, a linear construct was made as follows via splice-overlap extension and PCR (SOE-PCR) (Horton et al., 1989) : 0.5 kb flanking regions to surR were placed on either side of the P gdh pyrF marker cassette (amplified from pGLW015 ). The downstream gene (PF0096) encoding a ferredoxin-like protein (herein referred to as Fd2) contains two different annotated start sites; therefore, in constructing the 3' surR flanking region, the first start site of PF0096 was used to ensure that none of the PF0096 gene was deleted. Therefore 65 b of the 3' end of surR was left intact in the deletion construct (see Fig. 1 ). For construction of the AxxAsurR mutation, a 1.2 kb flanking region upstream and including the CxxC motif at its 3' end was PCR amplified, and the 3' primer contained base changes to generate the AxxA mutation (5'-gctatggaagcc). Similarly, a 1.7 kb flanking region downstream and including the CxxC motif was PCR amplified using a 5' primer with the same base changes. These fragments were combined by SOE-PCR (Horton et al., 1989) and cloned into pGLW015 at the SphI and NotI sites. The resulting plasmid pGLW039 was verified by DNA sequencing to contain the AxxA mutation. To restore pyrF at its native locus in P. furiosus COM1-dervided strains, a PCR product from 1 kb upstream and downstream of the pyrF gene was amplified from wild-type P. furiosus genomic DNA and used directly in transformation.
P. furiosus strain construction
Strains used and constructed in this study are listed in Table 1 . P. furiosus COM1 was transformed via natural transformation as previously described with the linear surR deletion construct. Transformant colonies were cultured in defined cellobiose medium (DC) , genomic DNA was isolated via a guanidinium hydrochloride and phenol:chloroform method as previously described , and PCR screens were performed with confirmation primers 100 b outside the homologous flanking regions to the targeted deletion. Strain isolates were purified twice on solid DC medium, and one DsurR strain, designated MW026, was verified via DNA sequencing. For construction of the AxxAsurR strain (MW028), COM1 was transformed with pGL039 to integrate the plasmid at the surR genome region. The single-crossover strain was purified on solid DC medium and then was counter-selected for plasmid and marker loss on solid DC medium containing 2.5 mM 5FOA and 20 mM uracil. This step had the possibility of regenerating wild-type or maintaining the AxxA deletion; therefore, resulting colonies were screened by PCR using one primer that targeted the AxxA mutation whereby if the mutation was not present, no PCR product was generated. The AxxA mutation in the resulting purified strain MW027 was verified by DNA sequencing. The uracil auxotrophic strain MW027 was transformed with a PCR product of the pyrF genome region (described above) to restore uracil prototrophy to the strain. Strain isolates were purified twice on solid DC medium. The resulting AxxAsurR strain was designated MW028.
Growth of P. furiosus P. furiosus strains (Table 1) were cultured in artificial seawater medium containing per liter: 1x base salts , 1x trace minerals , 10 mM sodium tungstate, 0.25 mg resazurin, 0.5 g cysteine, 1 g sodium bicarbonate and 1 mM potassium phosphate buffer, with pH adjusted to 6.8 prior to bottling. Media was aliquoted into serum bottles, and the headspace was replaced with argon after three cycles of vacuum and argon. For growth experiments, a minimal maltose medium (YM) was used, supplemented with 5 g maltose and 0.5 g yeast extract per liter . Medium was inoculated to 3 3 10 6 cells ml 21 , and cultures were incubated at 958C with shaking at 150 rpm. As necessary, cell growth was monitored by cell counts using a PetroffHausser counting chamber. Cell protein was quantified from 1 ml culture samples using the DC protein assay kit (Bio-Rad). Briefly, cells were harvested by centrifugation from 1 ml culture samples and lysed by osmotic shock in an equal volume of water, with vortexing and one freezethaw cycle. Lysate was centrifuged at 10,000 3 g for 1 min to pellet insoluble cell debris prior to quantitation of soluble cell protein.
H 2 and H 2 S quantitation H 2 was determined by sampling the headspace of closed serum bottle cultures and analyzing H 2 by GC (Shimadzu GC8A with TCD detector, oven 708C, injector/detector 1208C, Alltech Molecular Sieve column 5A 80/100). H 2 production is expressed as molar amount produced in the culture headspace relative to the culture volume. Total sulfide production was measured according the method previously described . Cultures for these experiments were grown in medium without sodium sulfide. Samples were corrected for abiotic sulfide production which was determined from an uninoculated control incubated with the experimental cultures.
RNA extraction
RNA was extracted using a phenol:chloroform extraction method as previously described . Contaminating genomic DNA was digested using TURBO DNase (Ambion). RNA quality was assessed by A 260 /A 280 ratios, qPCR and/or a 2100 Bioanalyzer (Agilent).
Quantitative RT-PCR
Synthesis of cDNA was performed with 1 mg purified RNA using the Affinity Script QPCR cDNA synthesis kit (Agilent). The Brilliant II SYBRV R Green QPCR Master Mix (Agilent) was used for quantitative RT-PCR experiments with primers designed to amplify a 150 b product within the target gene. The constitutively expressed PF0983 gene encoding the sliding clamp subunit of the DNA polymerase was used as a reference. 
